Exposure of the human food-borne pathogen Listeria monocytogenes to sublethal concentrations of triclosan can cause resistance to several aminoglycosides. Aminoglycoside-resistant isolates exhibit two colony morphologies: normal-size and pinpoint colonies. The purposes of the present study were to characterize the small colonies of L. monocytogenes and to determine if specific genetic changes could explain the triclosan-induced aminoglycoside resistance in both pinpoint and normal-size isolates. Isolates from the pinpoint colonies grew poorly under aerated conditions, but growth was restored by addition of antibiotics. Pinpoint isolates had decreased hemolytic activity under stagnant conditions and a changed spectrum of carbohydrate utilization compared to the wild type and isolates from normal-size colonies. Genome sequence comparison revealed that all seven pinpoint isolates had a mutation in a heme gene, and addition of heme caused the pinpoint isolates to revert to normal colony size. Triclosan-induced gentamicin-resistant isolates had mutations in several different genes, and it cannot be directly concluded how the different mutations caused gentamicin resistance. However, since many of the mutations affected proteins involved in respiration, it seems likely that the mutations affected the active transport of the antibiotic and thereby caused resistance by decreasing the amount of aminoglycoside that enters the bacterial cell. Our study emphasizes that triclosan likely has more targets than just fabI and that exposure to triclosan can cause resistance to antibiotics that enters the cell via active transport. Further studies are needed to elucidate if L. monocytogenes pinpoint isolates could have any clinical impact, e.g., in persistent infections.
L
isteria monocytogenes is a food-borne human pathogen that can cause the fatal infection listeriosis. The disease is commonly treated with either of the antibiotics ampicillin and penicillin G in combination with an aminoglycoside, usually gentamicin, since a synergistic effect of these antibiotics has been observed in vitro as well as on extracellular, multiplying Listeria (1, 2) .
Generally, antibiotic resistance is uncommon in L. monocytogenes, but we have previously demonstrated that short-term exposure of the organism to sublethal triclosan concentrations (1 to 4 g/ml) can cause resistance to several aminoglycosides with an inheritable increase in MIC of 4-to 8-fold (3) . Notably, the aminoglycoside-resistant isolates were as sensitive to triclosan as the wild type (3) . In the present study, we set out to determine the genetic causes of this resistance. We noticed that the resistant isolates appeared with two colony morphologies. Some isolates were of wild-type colony size (1.5 to 2.5 mm in diameter), whereas others grew as pinpoint colonies (Ͻ1 mm in diameter). Hence, we hypothesized that the latter could be a type of small-colony variant (SCV).
The so-called SCVs have been described for several bacteria, including Pseudomonas aeruginosa, Burkholderia cepacia, Salmonella serovars, Vibrio cholerae, Shigella spp., Staphylococcus spp., Escherichia coli, Lactobacillus acidophilus, and Serratia marcescens (reviewed in reference 4). SCVs constitute a slow-growing subpopulation of bacteria that form colonies nearly 1/10 the size of the colonies associated with wild-type bacteria, and they display distinctive phenotypic and pathogenic characteristics (4) . The most extensively studied and well-described SCVs are those of Staphylococcus aureus. This is likely due to their clinical impact, as several studies have established an association between the recovery of S. aureus SCVs and persistent and relapsing infections (5, 6, 7) . Two types of S. aureus SCVs are typically isolated: those that have an interrupted electron transport chain (ETC) and those that are thymidine auxotrophic. ETC-deficient S. aureus bacteria can further be divided into those with mutations affecting biosynthesis of menadione or hemin (4) . These are characterized by low growth rate, lack of pigmentation, decreased hemolytic activity, reduced spectrum of carbohydrate utilization, and increased resistance to aminoglycosides (8) . In vitro, SCVs emerge in the presence of aminoglycosides, e.g., gentamicin (9) , and interestingly triclosan also selects for S. aureus colonies of the SCV phenotype (10, 11) .
Small colonies of L. monocytogenes have to our knowledge been described only for an in vitro-generated perR mutant of L. monocytogenes (12) and not for spontaneous generation in a selective environment in vitro. However, the existence of such an antibiotic-resistant state could be important for its persistence in the host and have consequences for antibiotic treatment of listeriosis.
The purposes of the present study were to characterize the small colonies of L. monocytogenes and to determine if specific genetic changes could explain the triclosan-induced aminoglycoside resistance and hence unravel the tolerance mechanism.
MATERIALS AND METHODS
Bacterial strains, media, and culture conditions. Listeria monocytogenes strain N53-1 was grown in four successive overnight cultures with subin-hibitory triclosan concentrations (3) . After overnight exposure, the populations were plated on gentamicin-containing agar, and isolates with enhanced MICs were selected (3). Fifteen aminoglycoside-tolerant L. monocytogenes N53-1 isolates were selected and compared to the wild type, which is a persistent subtype frequently occurring in the fish processing industry (13) ( Table 1) . Five of 15 isolates were included in the study by Christensen et al. (3) , and 10 isolates were selected for this study from the triclosan-exposed populations as follows. Triclosan-exposed populations (42 l) were inoculated in brain heart infusion (BHI) broth (9.8 ml) (Oxoid; CM1135) with the concentration of triclosan that they were originally isolated from (0, 1, 2, and 4 g/ml, respectively). After growth for 24 h at 37°C with shaking (250 rpm), the cultures were diluted to 10 4 CFU/ml and regrown with triclosan. In total, two consecutive 24-h cultures were done for each population. To select for gentamicin-tolerant isolates in the populations, 100 l of outgrown culture was streaked on BHI agar (BHI broth supplemented with 1.5% agar (VWR; 20768.292) with 16 g/ml of gentamicin (Sigma-Aldrich; G3632) (2ϫ the MIC for the wild type) and incubated for 48 h at 37°C. Resistant isolates were cultured at 37°C in BHI broth supplemented with 5.3 or 2.7 g/ml of gentamicin and stored in 15% glycerol at Ϫ80°C. Two pinpoint and two normal-size colonies (1.5 to 2.5 mm in diameter) from each triclosan-exposed population were chosen when possible ( Table 1) . The isolates were cultivated on BHI agar for 2 days at 37°C. The pinpoint phenotype was stable, and the isolates did not revert to normal size either during long incubation on BHI agar (10 days at 37°C) or when restreaked 10 times on BHI agar.
MICs of gentamicin and triclosan in liquid media. The gentamicin and triclosan MICs of the wild type and 15 resistant isolates were determined by a broth microdilution method as described by Christensen et al. (3) , with the modification that microtiter plates were incubated for 24 h at 37°C. The MIC was determined for L. monocytogenes grown on BHI agar with or without 16 g/ml of gentamicin and on BHI agar with or without 5 g/ml of hemin in duplicate in two biological replicates.
Planktonic growth measurements. The wild-type and resistant isolates of L. monocytogenes were suspended in 0.9% saline to an optical density at 546 nm (OD 546 ) of 0.13 using a Novaspec III (Amersham Biosciences) corresponding to a cell density of 10 8 CFU/ml. This stock was diluted and inoculated to a level of 10 5 CFU/ml in 5 ml of BHI in a 50-ml tube. Cultures were incubated at 37°C with shaking (300 rpm) or under stagnant conditions for 24 h. Growth was measured as OD 600 and as number of CFU/ml on BHI agar. The cultures of pinpoint isolates reached an OD 600 of approximately 0.1 after 24 h under shaking conditions, but the level of CFU was very low (see Results). Under stagnant conditions, the culture reached an OD 600 of 1 and a level of approximately 10 9 CFU/ ml. We therefore followed the growth of two pinpoint isolates, E41 and E18, and the wild type, N53-1 (in biological replicates), in more detail. To determine when the CFU declined, OD 600 and number of CFU were determined after 7, 8.5, 10, 12, 14, 16, 18, 20, 22 , and 24 h of growth. To determine if any specific degree of aeration caused a decrease in the survival of the pinpoint isolates, pinpoint isolates E18 and E41, normal-size isolate E34, and the wild type were grown in BHI at 37°C under four different shaking conditions: 0, 100, 200, and 300 rpm.
Killing experiments with gentamicin and ampicillin. Survival of the wild type and L. monocytogenes mutants during exposure to 10, 20, 40, or 80 g/ml of gentamicin was determined. Suspended cultures were prepared in saline and inoculated as described above. The number of CFU was determined after 7 and 24 h (37°C and 300 rpm) on BHI agar. To elucidate if ampicillin acted synergistically with gentamicin, four gentamicin-resistant isolates (two pinpoint [E18 and E41] and two normal size [E34 and 69]) and the wild type, N53-1, were exposed to a final concentration of 2 g/ml of ampicillin either alone or in combination with 10 or 20 g/ml of gentamicin. The number of CFU was determined after 3, 6, and 24 h of growth (37°C and 300 rpm). The killing experiments were performed in two biological replicates.
Growth experiments with catalase, hemin, menadione, and menaquinone. To determine the factors that caused the decrease in variable cell count of the isolates from pinpoint colonies during aerated growth, and to determine if the L. monocytogenes pinpoint isolates were similar to the small-colony variants described for Staphylococcus aureus, growth experiments with oxygen-protective compounds and vitamin Ks were performed. Growth of the L. monocytogenes wild type and mutants was determined in BHI broth as described earlier under both shaking and stagnant conditions and on cultures streaked on BHI agar. The BHI broth was supplemented with catalase, hemin, menadione, and menaquinone as follows: BHI broth was supplemented with 170 U/ml of sterile filtered catalase (Fluka; 60634) and BHI agar with 1,700 or 170 U/ml. BHI broth was supplemented with hemin (Sigma; 51280; dissolved in 0.05 M NaOH) to a final concentration of 1 g/ml and BHI agar with 5 g/ml of hemin. BHI broth was supplemented with menadione (Sigma; M 5625; dissolved in 99% ethyl alcohol [EtOH]) or menaquinone (Supelco; 47774; dissolved in 99% EtoH) to final concentrations of 1, 2, 5, 10, and 20 g/ml and BHI agar to final concentrations of 5, 10, 20, 40, 80, and 160 g/ml.
Biolog carbon substrate utilization assay. The L. monocytogenes wild type and mutants were pregrown on BHI agar (37°C, 48 h), and colony mass of L. monocytogenes was dissolved in 0.85% saline to an OD 600 of 0.3 (approximately 3 ϫ 10 8 CFU/ml). Suspensions of 150 l were dispensed into wells of a GP2 microplate (Biolog, CA). Plates were incubated at 37°C, and color development was determined visually after 4, 24, and 48 h of incubation. Each strain was assayed once.
Determination of hemolytic (LLO) activity. Listeriolysin O (LLO) activity was determined in culture supernatants of the L. monocytogenes wild type and mutants prepared in 0.9% saline and grown for 14 h (37°C) with or without shaking (300 rpm). Cultures were adjusted to an OD 600 of 1.0 and assayed by manual quantification of cell lysis activity in serial dilutions of supernatants using calf blood as described by Rodriguez et al. (14) and Leimeister-Wächter and Chakraborty (15) . The plates were incubated at 37°C for 45 min, and the hemolytic activity in each well was scored as follows: 3, strong hemolysis; 2, moderate hemolysis; 1, weak hemolysis; 0.5, questionable hemolysis; and 0, no hemolysis. The hemolytic activity was summed and related to the OD 600 of each strain. The assay was carried out in two independent replicates.
Whole-genome sequencing. We sequenced the genomic DNA from the wild type and the 15 mutants to determine if this would reveal their mechanism for tolerance to gentamicin and explain the differences in colony morphology and phenotype. Genomic DNA was isolated from L. monocytogenes using the FastDNA kit (MP Biomedicals; 116540-400) as described by Holch et al. (16) . Samples were RNase treated (Qiagen; 158922) before quantification, and quality was analyzed using 1% agarose gel electrophoresis, a NanoDrop spectrophotometer (Saveen Werner, Sweden), and a Qubit 2.0 analyzer (Invitrogen, United Kingdom). Libraries of 500 bp were used for 100-bp paired-end sequencing of genomes using Illumina sequencing technology on a HiSeq2000 with a minimum coverage of 100 (Beijing Genomics Institute, Hong Kong, China). L. monocytogenes N53-1 was de novo assembled into contigs using CLCbio Genomics Workbench (Aarhus, Denmark), resulting in 36 contigs comprising 3.1 Mbp. Using this procedure, the 15 triclosan-exposed isolates were mapped with the 39 contigs as a reference with a minimum coverage of 100, and single-nucleotide polymorphisms (SNPs) and deletion-insertion polymorphisms (DIPs) with a frequency of 80% were detected. Only mutations causing an amino acid change are included in the results.
Statistical analysis. Bacterial counts from growth assays were log transformed before calculating mean values and standards deviations. Means of hemolytic activity for isolates grown under stagnant and shaking conditions were statistically compared by using Student's t test with Welch's correction. Means of hemolytic activity for normal-size and pinpoint isolates (mixed populations 13 and 28 not included) grown under shaking or stagnant conditions were statistically compared by using oneway analysis of variance (ANOVA) followed by Tukey's multiple-comparison test. All statistical analyses were performed with GraphPad Prism statistical software.
Nucleotide sequence accession numbers. The results of the wholegenome shotgun sequencing have been deposited in DDBJ/EMBL/GenBank under accession number AXDU00000000. The version described in this paper is version AXDU01000000.
RESULTS
Both pinpoint and normal-size colonies can be found in the triclosan-exposed populations. We selected a total of 15 gentamicin-resistant isolates of L. monocytogenes N53-1 from triclosanexposed populations (3) . From all populations, independent of the triclosan concentration, the gentamicin-resistant isolates appeared with two morphologies: pinpoint and normal-size colonies (1.5 to 2.5 mm in diameter). No pinpoint colonies appeared from the control cultures that had not been exposed to triclosan. Hence, the pinpoint morphology was related to the exposure to triclosan but not to a specific concentration. Two pinpoint and two normal-size colonies from each triclosan-exposed population were included in the present study (Table 1) . Isolates with similar colony morphologies and exposed to the same triclosan concentration were picked from different populations to ensure that they were not clonal. We found that the isolates from pinpoint colonies were impaired in catalase production as determined after exposure to 3% H 2 O 2 .
Triclosan-exposed isolates have increased MICs to gentamicin but not to triclosan. The MICs were determined for L. monocytogenes N53-1 (wild type) and the 15 resistant mutants. Isolates pregrown with gentamicin had a 16-to 32-fold increase in gentamicin MIC compared to that of the wild type (40 to 80 g/ml versus 2.5 g/ml), and the level of resistance was independent of colony morphology ( Table 1 ). The gentamicin MIC remained high also when the isolates were pregrown without gentamicin, except for the two isolates that had been selected from the control (non-triclosan-exposed) cultures (E22 and 37), for which the gentamicin MIC decreased to a level similar to that seen for the wild type. Also, for one of the isolates from normal-size colonies selected from 4 g/ml of triclosan (isolate 105), the MIC decreased to 10 g/ml ( Table 1 ). The triclosan MIC was 4 g/ml for all isolates, independent of exposure concentration or preculture conditions (data not shown). Hence, the gentamicin sensitivity was the same for all isolates independent of colony size. However, due to the different morphologies, we speculated that the resistance mechanism could be different in the two groups of isolates.
Isolates from pinpoint colonies die under shaking but not under stagnant conditions. The wild type and 15 mutants were grown under stagnant and shaking conditions. All isolates reached an OD 600 of 1.0 to 1.6 under stagnant conditions and a cell density of approximately 1 ϫ 10 9 CFU/ml after 24 h, except for two isolates (13 and 28) that only reached an OD 600 of 0.3 and a cell density of approximately 1 ϫ 10 8 CFU/ml (data not shown). Surprisingly, the cultures of the pinpoint isolates reached an OD 600 of 0.8 to 1.0, but the CFU/ml was only between 10 2 and 10 4 following 24 h of aerated growth (data not shown). No difference in cell morphology or cell number was observed when the cultures were studied by light phase-contrast microscopy (magnification of ϫ1,000), indicating that bacterial cell death seen in the cultures of the pinpoint isolates was not a consequence of cell lysis.
The kinetics of changes in CFU for the cultures of pinpoint isolates during aerated growth were studied with two isolates, E41 and E18, and the wild type, N53-1. Under stagnant conditions, OD 600 s and viable counts of all three isolates increased for 12 h and then stabilized in the stationary phase (Fig. 1A) . Similarly, under shaking conditions, OD 600 s increased for 12 h and stabilized in the stationary phase, whereas the viable counts of the cultures of pinpoint isolates declined after 14 h from 10 9 CFU/ml to 10 4 CFU/ml at 24 h (Fig. 1B) .
We exposed isolates from two normal-size and pinpoint colonies to different shaking conditions and found that all isolates achieved similar cell numbers, 1 ϫ 10 9 CFU/ml, after 24 h at 0 and 100 rpm. The cultures of normal-size isolates also reached a cell density of 1 ϫ 10 9 CFU/ml after 24 h of growth at 200 and 300 rpm; however, the survival of the cultures of pinpoint isolates decreased markedly, to 10 3 to 10 4 CFU/ml, at these speeds (data not shown), indicating that the decrease in viability could be related to oxygen tension in the growth medium.
Addition of gentamicin increases survival of cultures from pinpoint isolates. As aeration influenced the survival of the isolates from pinpoint colonies, we also studied the survival of cultures from both pinpoint and normal-size colonies during growth with antibiotic. As expected, the survival of isolates from normalsize colonies decreased with increasing concentration of gentamicin ( Fig. 2A) . Interestingly, for the pinpoint isolates, addition of gentamicin increased the survival after 24 h of exposure (Fig. 2B) . Typically, cultures of pinpoint isolates had low viable cell numbers (10 3 to 10 5 CFU/ml) after 24 h without gentamicin. However, the addition of 10 and 20 g/ml of gentamicin increased bacterial cell counts, whereas addition of higher concentrations of gentamicin (40 and 80 g/liter) caused the bacterial survival cell number to decrease. Hence, there is a concentration window where addition of antibiotics can increase the survival of pinpoint isolates grown under aerated conditions.
There is still synergism between gentamicin and ampicillin. Preliminary killing experiments with ampicillin demonstrated that the antibiotic is bacteriostatic, and the killing effects on cultures of normal-sized and pinpoint isolates were similar at 1, 2, and 4 g/ml of ampicillin. After 24 h of ampicillin treatment, the bacterial numbers were from 2 ϫ 10 3 to 4 ϫ 10 4 at 1 g/ml, from 5 ϫ 10 3 to 5 ϫ 10 4 at 2 g/ml, and from 5 ϫ 10 3 to 5 ϫ 10 4 at 4 g/ml of ampicillin. We combined 2 g/ml of ampicillin, corresponding to 2ϫ MIC, with 10 g/ml and 20 g/ml of gentamicin, corresponding to 0.25ϫ and 0.5ϫ MIC for the gentamicin-resistant isolates, respectively.
Gentamicin at 10 and 20 g/ml caused only a marginal reduction in cell counts for the normal-size isolates E34 and 69. However, the addition of 2 g/ml of ampicillin in combination with gentamicin decreased bacterial numbers markedly, from 10 9 CFU/ml to around 1 to 10 2 CFU/ml after 24 h (Fig. 3B and C) . Gentamicin and ampicillin acted as bacteriostatic and not as bactericidal compounds against the pinpoint isolates ( Fig. 3D and E) . The largest difference in reduction of bacterial cells was found at 6 h, when addition of ampicillin caused an increased reduction, of approximately 2 logs, compared to that with addition of gentamicin alone. However, at 24 h, the synergistic effect of ampicillin was less pronounced for E41 and E18.
Isolates from pinpoint colonies survive growth under shaking conditions in the presence of hemin and catalase. As the pinpoint isolates lost culturability under aerated, but not under stagnant, conditions, we hypothesized that this was caused by enhanced sensitivity to oxygen concentrations. This could correspond to the catalase negativity of the pinpoint isolates. In S. aureus, the SCV phenotype is characterized by auxotrophy for hemin and menadione, and the SCV phenotype can be completely reverted by addition of these compounds (9, 17) .
Menadione or menaquinone was added to BHI broth, but this did not increase survival of the pinpoint isolates after 24 h of growth with aeration, and the isolates grew as pinpoint isolates on BHI agar supplemented with menadione or menaquinone (data not shown).
In contrast, addition of 1 g/ml of hemin to BHI broth increased the survival of the pinpoint isolates in aerated cultures markedly (from 10 2 to 10 9 CFU/ml) compared to that in BHI without hemin, without affecting the survival of the normal-size isolates (Fig. 4A) . Interestingly, the colony size of the pinpoint isolates increased when they were grown on BHI agar with 5 g/ml of hemin, to a diameter of 1.5 to 2.5 mm, corresponding to the normal size of L. monocytogenes. These isolates were catalase positive. However, when these hemin-grown colonies were restreaked on BHI agar, they reverted to catalase-negative pinpoint colonies, indicating that hemin must be present in order for the isolates to grow as normal-size colonies. The addition of 5 g/ml of hemin to BHI agar did not cause any difference in the colony size of the normal-size isolates. We determined the MIC to gentamicin of the L. monocytogenes wild type and mutants pregrown on BHI agar with hemin and found that the MIC was similar to the MIC determined for the isolates pregrown without gentamicin, except for E38, for which it decreased from 40 to 10 g/ml, and for E22, for which it increased from 2.5 to 20 g/ml ( cultures from pinpoint colonies under shaking conditions, as the cell number increased from 10 2 to 10 9 CFU/ml (Fig. 4B) . However, addition of catalase to BHI agar did not cause an increase in colony diameter of the pinpoint isolates either with 170 U or with 1,700 U (data not shown).
Sugar metabolism of triclosan-exposed isolates is changed. A metabolism profile for 96 carbohydrates was performed in Biolog plates for the L. monocytogenes wild type and mutants. All utilized N-acetyl-D-glucosamine, D-fructose, ␣-D-glucose, D-mannose, pyruvatic acid methyl ester, and glycerol (data not shown). However, the utilization of 22 carbohydrates was changed in the triclosan-exposed isolates compared to the wild type ( Table 2) . Most of the isolates could use dextrin, D-psicose, adenosine, inosine, and uridine. The normal-size isolates, including the wild type, utilized arabutin, D-cellobiose, ␤-methyl-D-glucoside, salicin, xylitol, gentibiose, and N-acetyl-␤-D-mannosamine, whereas the pinpoint isolates did not. In contrast, most of the pinpoint isolates utilized L-lactic acid and pyruvic acid, whereas the normal-size ones did not. Interestingly, only the wild type and isolates 105, 37, and 22, which all have low MICs compared to the other isolates, could use ␣-cyclodextrin, ␤-cyclodextrin, amygdalin, maltotriose, and D-trehalose.
The hemolytic activity of pinpoint isolates is lower than that of normal-size isolates during stagnant growth conditions. We investigated if the listeriolysin O activity was decreased in the pinpoint isolates as seen for S. aureus SCVs. Overall, isolates grown under stagnant conditions had a significantly higher hemolytic activity than did isolates grown under shaking conditions (P Ͻ 0.0001) (Fig. 5) . No significant difference in hemolytic activity was observed between normal-size and pinpoint isolates under shaking conditions (P Ͼ 0.05). However, under stagnant conditions, the normal-size isolates had significantly higher hemolytic activity than did the pinpoint isolates (P Ͻ 0.05).
All pinpoint isolates have a mutation in a heme gene. The genome of L. monocytogenes N53-1 was assembled by de novo assembly to 36 contigs with a total size of 3.1 Mbp and a GC content of 37.84%. Only SNPs and DIPs with a frequency of Ͼ80% that caused an amino acid change in an open reading frame were included in the further analysis. This gave 0 to 3 mutations for each isolate (Table 3) . No mutations were detected in the control isolate (E22) that had been grown without triclosan. The other control isolate (isolate 37) had a DIP in ATP synthase subunits. Interestingly, all seven pinpoint isolates had a mutation in a heme gene, in either the ferrochelatase gene (hemH) or the glutamyl-tRNA reductase gene (hemA). These mutations were not present in the normal-size resistant isolates. Some mutations were present in both normal-size and pinpoint isolates: translation elongation factor G (fusA) (3 isolates), geranyltranstransferase (4 isolates), and different subunits from the ATP synthase (atpA, atpD, and atpG) (8 isolates). Two mutations were present only in some of the pinpoint isolates: TPR repeat-containing protein YrrB (yrrB) (1 isolate) and N-acetylglucosamine-6-phosphate deacetylase (1 isolate). Three mutations were detected only in some of the normalsize isolates, namely, in an ABC transporter CydDC (cydD and cydC) and the RNA polymerase sigma B factor (rsbW) (1 isolate) and a probable diguanylate cyclase, YcdT (ycdT) (1 isolate). There was no correlation between mutations detected and the concentration of triclosan to which an isolated had been exposed.
DISCUSSION
We have previously demonstrated that the food-borne human pathogen L. monocytogenes can develop resistance to gentamicin and other aminoglycosides following exposure to the widely used biocide triclosan (3). The gentamicin-resistant isolates exhibit two colony morphologies: normal-size and pinpoint colonies. Similarly, Latimer et al. (10) and Seaman et al. (11) found that triclosan can select for S. aureus colonies showing the characteristic SCV phenotype. Seaman et al. (11) found, as did we, that isolates from the SCVs had reduced susceptibility to gentamicin, but they also had a low-level triclosan resistance in the study by Seaman et al. which we did not observe in this study. However, the lack of resistance to triclosan in isolates from pinpoint colonies could be due to the intrinsically higher MIC of L. monocytogenes to triclosan than that of S. aureus (18) .
The L. monocytogenes pinpoint isolates did not survive well during aerated conditions, but addition of catalase and hemin increased growth and culturability. The catalase enzyme protects bacteria against oxygen stress, and L. monocytogenes is a catalasepositive bacterium. However, the pinpoint isolates were catalase negative, indicating that they produced no or only very low levels of catalase, and therefore, they were not able to protect themselves against oxygen. Hence, it seems likely that the addition of catalase to the growth media exerts the oxygen protection that the bacteria cannot perform themselves. The catalase-negative phenotype did not cause the small colony phenotype per se, as the addition did not support reversion to normal-size colonies. In contrast, the addition of hemin increased growth of the pinpoint isolates under shaking conditions and caused the bacteria to grow as normal-size colonies. This could be because the addition of hemin counteracts the mutation in heme-containing proteins that were detected in the pinpoint isolates. Similarly, a hemB mutant of S. aureus supplemented with hemin at a concentration of 1 g/ml showed a growth curve very similar to that of the parent strain (determined as OD measurements) (19) . Pregrowth with hemin did not increase the sensitivity of our isolates to aminoglycosides as was seen for the hemB mutant of S. aureus (19) . However, hemin was not present during exposure to the antibiotics in our study, as it was in the work of von Eiff et al. (19) .
Addition of gentamicin in particular concentrations caused the pinpoint isolates to survive better during aerated culture, indicating that addition of antibiotics can abolish the oxygen stress. We have recently found that sublethal concentrations of gentamicin cause upregulation of the gene lmo1634 in L. monocytogenes (G. M. Knudsen, Y. Y. Ng, and L. Gram, unpublished data). This could explain the increased survival of the oxygen-sensitive isolates, since lmo1634 is homologous to the alcohol dehydrogenase gene, adhE, in E. coli, which during aerated growth plays a role in protection against oxidative stress (20) . The gentamicin protection indicates that the pinpoint isolates do have an advantage during antibiotic stress regardless of the growth conditions. A synergistic effect has been demonstrated between gentamicin and ampicillin in the treatment of listeriosis (1, 2) , and this effect was also demonstrated in this study for the pinpoint isolates. Hence, the use of the two antibiotics in combination seems to be essential in order to eliminate the L. monocytogenes pinpoint isolates.
The utilization of 22 carbohydrates was changed in the triclosan-exposed isolates compared to that of the wild type (Table  2) . Similarly, the carbohydrate metabolism was changed in a hemB mutant of S. aureus, studied with phenotype microarray profiling (21) . As with our pinpoint isolates, the hemB mutant of S. aureus had also lost the ability to use N-acetyl-␤-D-mannosamine and ␤-methyl-D-glucoside. Also, the hemB SCV had lost the ability to utilize D-psicose and uridine, which we did not see for the pinpoint isolates of L. monocytogenes. In contrast, our pinpoint isolates had lost their ability to utilize maltose, which was not seen for hemB SCV.
The L. monocytogenes pinpoint isolates had significantly decreased hemolytic activity when pregrown under stagnant conditions. Similarly, S. aureus SCVs are also generally characterized by impaired hemolytic activity, and this also includes triclosan-exposed S. aureus SCVs (10). Hemolytic activity is one of the virulence factors in L. monocytogenes, and one might speculate that pinpoint isolates of L. monocytogenes could be less virulent than wild-type L. monocytogenes. This was demonstrated for an S. aureus SCV strain developed by sublethal exposure to triclosan that had impaired hemolytic activity, was defective in biofilm formation and DNase activity, and displayed significantly attenuated virulence in vivo in Galleria mellonella (10) . Also, clinical S. aureus SCVs as well as hemB-and menD-deficient mutants of S. aureus have been found to be greatly reduced in virulence in the Caenorhabditis elegans infection model (22) . In contrast, several reports have demonstrated that S. aureus SCVs are linked with persistent infections (5, 6, 7) , and a generated hemB mutant causing S. aureus SCV showed a higher level of intracellular persistence in endothelial cells than did the wild type (19) .
The seven pinpoint isolates had a mutation in either ferrochelatase (hemH) or glutamyl tRNA reductase (hemA). Ferrochelatase is an enzyme that is localized in the cytoplasmic membrane in prokaryotes, where it catalyzes the terminal step in the biosynthesis of heme (23) , whereas glutamyl tRNA reductase (hemA) participates in heme metabolism (24) . It seems likely that this mutation causes the pinpoint phenotype, since addition of hemin causes reversion to the normal-size phenotype. Also, a deletion of perR (a regulon that mediates protection against reactive oxygen species), which regulates several genes, including hemA in L. monocytogenes, resulted in the small-colony phenotype (12) . It seems likely that a mutation in heme biosynthesis can cause the gentamicin resistance in the pinpoint isolates, as a similar generated mutant of S. aureus (hemB) showed typical SCV characteristics, including pinpoint growth and resistance to aminoglycosides (19) . Interestingly, none of S. aureus SCVs isolated after exposure to triclosan were identified as hemin, menaquinone, or thymidine auxotrophs, and hence, the reason for their SCV phenotype is undetermined (10, 11) . How triclosan targets the heme genes is not clear. However, others have demonstrated that exposure of E. coli and P. aeruginosa to inhibitory and subinhibitory concentrations of triclosan, respectively, affected the transcriptional response of operons involved in iron homeostasis (25, 26) . The L. monocytogenes pinpoint isolates had a very stable phenotype, as they did not change their morphology after growth on antibiotic-free medium. This is in contrast to clinical SCVs isolates of S. aureus which exhibit a high rate of reversion to the large-colony form when gentamicin is not present (6, 22, 27) . Stable S. aureus SCVs can be generated by site-directed mutagenesis in hemB (19) . Hence, the mutations in genes involved in hemin biosynthesis could cause the stability of the phenotype in L. monocytogenes pinpoint isolates.
The reason for the observed aminoglycoside resistance in the normal-size isolates is less clear, as all isolates had several mutations. However, several normal-size isolates had a mutation in ATP synthase F 1 subunit genes and one isolate in an ABC transporter. The F 0 F 1 -ATPase is a multisubunit enzyme that synthesizes ATP aerobically and is important in the active transport of aminoglycosides across the cell membrane (28) . cydCD encodes an ABC transporter that is involved in cytochrome assembly in E. coli (29) and hence in ATP generation. It seems likely that the resistance to the aminoglycosides in these isolates might be caused by a reduced uptake of the antibiotic. Interestingly, the two isolates with mixed populations only had one mutation, namely, in the geranyltranstransferase. This enzyme participates in the biosynthesis of isoprenoids and steroids which are part of the cell membrane in bacteria (reviewed in reference 30). It is not clear how this mutation can cause resistance to aminoglycosides, but it may be by reduced binding of the antibiotic, which is the first step in the active uptake of the aminoglycosides (28), or by reduced uptake. No obvious pattern between type of mutation and changed carbohydrate utilization could be found.
Triclosan, unlike other biocides, has a specific target when used at sublethal concentrations, namely, the enoyl-acyl carrier protein reductase, FabI (31). However, Seaman et al. (11) did not detect any mutations in fabI in triclosan-resistant S. aureus SCVs. Additional types of triclosan-mediated bactericidal activity, such as membrane integrity, interference with dehydrogenases/oxidoreductases, and interference with respiration, have been suggested (32, 33, 34, 35) . Our sequencing data also suggest that sublethal concentrations of triclosan have multiple targets, since several genes were affected. We speculate that the interference with respiration that many of the detected mutations may have causes the aminoglycoside resistance due to a decreased uptake of the antibiotics. Similarly, several studies of S. aureus SCVs point to defects in pathways that are involved in electron transport (reviewed in reference 4).
To our knowledge, this is the first study to characterize a smallcolony variant in L. monocytogenes that can be induced by sublethal concentrations of triclosan. The L. monocytogenes pinpoint isolates were characterized by resistance to aminoglycosides, impaired growth under aerated conditions, increased growth during antibiotic stress, decreased hemolytic activity, and changed spectrum of carbohydrate utilization. The pinpoint phenotype seems to be caused by mutations in heme genes. Our study emphasizes that sublethal concentrations of triclosan likely have more targets than just fabI and that the biocide can cause resistance to antibiotics that are taken up by active transport. Further studies are needed to elucidate if L. monocytogenes pinpoint isolates could have any clinical impact, e.g., in persistent infections as seen for S. aureus SCVs (5, 6, 7, 19) .
